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ABSTRACT

ION TRANSMISSION STUDIES IN THE FIRST VACUUM STAGE OF AN
INDUCTIVELY COUPLED PLASMA MASS SPECTROMETER

Jeffrey H. Macedone
Department of Chemistry and Biochemistry
Doctor of Philosophy

The inductively coupled plasma mass spectrometer (ICP-MS) is the instrument of
choice for trace and ultra-trace elemental analysis. However, the ICP-MS suffers from
matrix effects. Matrix effects occur when instrument response varies as the composition
of the sample matrix is changed. Matrix effects, or non-spectroscopic interferences, limit
the accuracy of routine analysis. Identification of the sources of matrix effects provide a
basis for reducing or eliminating them.
As inaccuracies in the ICP-MS are more severe than those in the ICP atomic
emission spectrometer, the problem may be due, at least in part, to the vacuum interface
used to couple the plasma source and mass spectrometer. The research herein is a study
of matrix effect sources in the first stage of the vacuum interface. This study utilized
laser-induced fluorescence of atomic species to identify factors affecting analyte transport

through the sampling orifice of the vacuum interface.
Several non-idealities in the performance of the interface were found. (1)
Operating conditions and sample compositions can negatively affect the efficiency with
which ions are extracted through the vacuum interface coupling the plasma source to the
mass spectrometer. (2) The sampling cone itself was found to suppress and narrow ion
distributions in the plasma. (3) Changes in the degree of ionization were identified in the
first vacuum stage. The evidence of recombination and state-changing collisions was
observed in the first vacuum stage at lower power settings.
Matrix effects occur in the first vacuum stage, the first step of the ion extraction
process. This work shows that changes in ion transport through the first vacuum stage of
the vacuum interface of an ICP-MS affect the overall performance of the instrument.
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1.

INTRODUCTION

1.1.

INTRODUCTION TO MATRIX-INDUCED INACCURACIES IN THE

INDUCTIVELY COPUPLED PLASMA MASS SPECTROMETER
Elemental analysis is important to industries that rely on the detection of trace and
ultra-trace elements to maintain daily operations. For example, environmental
monitoring agencies and semiconductor manufacturers require information about
elemental contaminants at very low levels. The task of detecting elements at these low
levels is usually accomplished with atomic absorption, atomic emission, or inductively
coupled plasma mass spectrometer (ICP-MS) instruments.
The ICP-MS has several analytical advantages over these other trace elemental
analysis instruments. First, in comparison to atomic absorption spectroscopy (AAS),
where the operator must change a hollow cathode lamp for each desired element, ICP-MS
analyses can be performed in fast succession, on the order of 10 s. Next, the ICP-MS
instrument is capable of effectively generating ions from 90 % of all elements. Efficient
ionization in the plasma source is achieved because the plasma ionization source is
sustained at a high gas kinetic temperature (~ 6000 °K). While efficient ionization is an
advantage shared by ICP-optical emission spectroscopy (ICP-OES), coupling the ICP to a
mass spectrometer detector increases analyte selectivity and lowers detection limits,1 in
some cases by a factor of 102-103. Additionally, the ICP-MS enables measurement of
isotope ratios. Isotope ratios are important for studies where a particular isotope is used
as a tracer, or where the ratio between two isotopes is used as an indicator.
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Despite these advantages, routine ICP-MS analysis is complicated by matrix
effects. Matrix effects arise when inaccuracies are introduced into analytical results by
components in the sample other than the analyte. For example, when analyzing a 10
mg/L barium solution on an optimized ICP-MS, the instrument should report a value of
10 mg/L, regardless of what is in the sample. However, if the barium is in a solution with
a high concentration of another element, the instrument will report a value different from
the true concentration of barium.
Matrix effects are also called “non-spectroscopic interferences.” In some
instances of non-spectroscopic interferences,2 the relative error associated with
quantitative measurements can be as high as 50%. An ideal solution to circumvent the
matrix effect would be to understand the sources and locations of the matrix effect well
enough to account for, or correct for, this non-spectroscopic interference. Even though
the ICP-MS has been in commercial use and studied for about 25 years, the sources and
mechanisms of matrix effects remain elusive.
Current methods for dealing with the matrix effect include standard addition,
isotope dilution, internal standardization, and matrix matching of standards and samples.
Standard addition involves adding a small amount of a known standard to a sample and
successively increasing the concentration of this standard in several aliquots of the
sample. The original concentration of the desired analyte in the sample can be calculated
by linear regression. Isotope dilution is similar to standard addition, in that a “spike” is
used. In isotope dilution, a known amount of one of the isotopes is added to the sample
to determine the concentration of the desired analyte element in the sample based on
isotope ratios. Internal standardization calibrates standards and samples by normalizing
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each solution to the concentration of a common additive present in both the standard and
sample. Finally, in matrix matching, concomitant elements in the sample, other than the
analyte, are deliberately added to standard solutions, causing the same matrix effect to
occur in all solutions. This effectively cancels out the matrix effect across the entire
analysis. However, when the concomitant elements in a sample are not known,
correction methods such as matrix matching become complicated. While, in general,
these alternative techniques do offer some relief from the matrix effect, it is usually at the
expense of extra time or material. Finding a more effective way of dealing with matrix
effects would conserve time and material.
Solving the matrix effect problem requires an understanding of the sources of
matrix effects. The magnitude of the matrix effect problem in ICP-MS instruments is not
due to processes in the ICP alone, as ICP-MS matrix effects are even more severe than
those observed in ICP optical emission spectrometers. Additional opportunities for
matrix effects to occur arise when the ICP is interfaced with a mass spectrometer. The
physical interface for extracting ions from the plasma consists of a small (~1-mm)
sampling orifice followed by a small (~1-mm) skimming orifice and electrostatic lenses
for focusing ions towards the detector. This type of interface was originally built for
molecular beams, so it is reasonable to expect some non-ideality when the interface
samples atomic ions.3 It is known that the interface between the ICP and the mass
spectrometer is not an efficient means of delivering ions from the source to the detector.
While most of the ions should be sampled by the sampler, only a small fraction of the
ions pass through the skimmer. The remainder of the ions which are not passed through
the skimming cone are removed through the pumps holding the vacuum in the first stage.
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Additionally, not all of the ions that pass through the skimmer can be adequately
focused into the mass analyzer. About one ion for every million ions generated in the
source arrives at the detector.
Despite the inefficiency of the interface, the sensitivity of the ICP-MS is good
enough to make the detection limits of the instrument superior to many analytical
instruments. However, any sensitivity improvements would be welcome and could be
immediately utilized. Also, there is still room for improvement in the accuracy of the
technique. Matrix effects limit the reliability and speed of routine analyses. The goal of
this work is to investigate the sources and mechanisms of matrix effects in the first
vacuum stage of an ICP-MS.
1.2.

ICP-MS OVERVIEW

1.2.1. ICP-MS Principle of Operation
The principle of operation of a typical ICP-MS is included here to orient readers
not familiar with ICP-MS techniques. The objective of an ICP-MS is to detect atomic
ions. A typical inductively coupled plasma (ICP) instrument can be represented as a
quartz tube, called a torch, surrounded by a three-turn copper induction coil. Room
temperature argon gas at atmospheric pressure flows through the torch. Alternating
current at 27-MHz is then applied to the coil while the argon gas is flowing through the
torch. A high voltage spark from a Tesla coil ionizes some of the argon gas. As current
flows through the coil, ions and electrons created by the spark are inductively
accelerated. The current in the coil oscillates back and forth causing many collisions that
heat the gas and generate more ions. The resulting plasma is a sea of ions and electrons.
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Through this process, argon is about 0.1% ionized; most of the gas is hot (about 6000 °K)
neutral argon. Neutral species in the plasma are heated through collisions.
Sample atomization and ionization occur as samples are aspirated through the
central channel of the quartz torch and into the hot plasma. Delivery of these ions to the
detector requires a dramatically decreased pressure from atmospheric pressure. Low
pressure within the mass spectrometer minimizes collisions and facilitates low
background counts at the detector. Pressure reduction is accomplished in a stepwise
fashion, as illustrated in Figure 1.1. Each stage of the vacuum interface is pumped to
lower and lower pressures, until the pressure in the detector region is about 10-6 torr.
Considering the first step of the extraction process, ions, electrons, and atoms from the
plasma (A) are drawn into the orifice of the first sampling cone (B), or sampler. Then the
gaseous species expand into an area called the first vacuum stage, and travel towards a
second sampling orifice in the skimming cone (C). Next, a small fraction of the plasma
gas (about 1%) in the first vacuum stage is drawn in through the skimmer. Through each
orifice, plasma gases expand and decrease in density. After passing through the sampler
and skimmer, ions interact with electrostatic ion lenses (D), creating a beam of ions. The
beam of ions is then electrostatically focused toward the mass analyzer (E). Figure 1.1
shows a typical mass analyzer, a quadrupole, as the device used to analyze ions by massto-charge ratio. Only ions of a selected mass-to-charge ratio are allowed to pass through
the mass analyzer to the ion detector (F). Data collected at the ion detector can then be
processed into useful information for the analyst.

5

~10-6 torr
~ 1 atm
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C B
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Figure 1.1. Schematic of a typical ICPMS. Ions generated in the ICP (A) pass through
a 1-mm sampling orifice (B), skimming cone (< 1 mm orifice) (C), and are then
electrostatically focused toward the mass analyzer (E) by the ion optics (D). Ions
selected by the quadrupole mass analyzer (E) are detected at an ion detector (F).

1.2.2. Sampling ions into the interface
In general, this work focused on the area immediately downstream of the sampler,
which is often referred to as “the first vacuum stage”. The path of delivering ions
generated in the plasma to the first vacuum stage begins as nebulized sample in an argon
carrier gas is injected into the central channel of the ICP torch. When the plasma is
directed onto the sampling cone, the ionized sample is drawn through the 1-mm
(diameter) orifice into the first vacuum stage where the pressure is approximately 1 torr.
Flow through the sampling orifice has been estimated to follow a hemispherical sink flow
model, as shown in Figure 1.2. The gas flow rate, Go, in units of L/min, was estimated by
the following equation:
2

Go = 0.445n o ao Do .

(Eq. 1.1)

The term no is the argon number density calculated from the ideal gas law; Do is the
orifice diameter, and ao is the speed of sound in the argon calculated from the equation:
ao = (γkTo / m )1 / 2
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(Eq. 1.2)

Figure 1.2. Schematic diagram of hemispherical sink flow through the sampling orifice
of an ICPMS. Note that the flow lines do not cross.

In this latter equation, γ (Cp/Cv) for argon is assumed to be 5/3 for a monatomic gas, To
is the temperature of the argon gas, and m is the atomic weight of argon. Under typical
conditions in our lab, the calculated flow rate into the sampling orifice is about 1.37
L/min. This flow rate is only slightly greater than that of the flow rate carrying the
sample aerosol through the central channel of the ICP torch, 1.35 L/min. Theoretically,
all of the ions generated in the ICP should be sampled, or entrained, and travel through
the sampling orifice. Experimental observations show that the plasma flow is entrained,
or drawn in, at least 7 mm from the orifice.4
Ideally, the ions drawn into this first vacuum stage should be an accurate
representation of the ions in the plasma source. It would be undesirable, for example, for
the bulk of ions and electrons passing through the sampling orifice to be neutralized on
the orifice walls. Neutralization on the sampler is minimized due to the formation of a
boundary layer of gas and an electrical sheath. The boundary layer has been compared to
that around the heat shield of a space vehicle during re-entry.5 The electrical sheath
results from the build-up of ions between the hot plasma and the cold sampling cone.
This is due to the higher mobility of electrons in the plasma which have been neutralized
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at the sampling orifice leaving behind an excess of ions along the surface of the sampling
cone. As the bulk of the plasma is not affected by the grounded orifice, the degree of
ionization of the sample is expected to continue into the first vacuum stage.
The interaction of ions with the sampling interface can also be better understood
by examining Debye lengths. Debye length is a measure of the distance over which a
charged particle is affected by an electric field. If Debye lengths in the plasma were the
size of the sampling orifice, interaction with the grounded interface would be significant.
However, the Debye length in the plasma is much less than the diameter of the orifice,
and is on the order of 10-4 mm. Thus, the grounded interface should not interfere with
the flow through the interface. However, changing conditions in the plasma have been
attributed to the presence of the sampling cone.6 For example, analyte ion emission
intensity is different in the presence or absence of the sampling cone.7 The presence of
the sampler has also been shown to cause changes in electron number densities in the
ICP.8
1.2.3. First Vacuum Stage Gas Dynamics
Once the plasma gas has traversed the sampling orifice, the flow develops into an
adiabatic expansion. This means that as the plasma gas is drawn into the interface, the
random motion of the hot plasma gases is converted into directed motion, and the gas
particles eventually reach supersonic velocities. This conversion is accomplished
through many collisions in the interface where the mean free path between collisions in
the sampled gas is reported as 10-3 mm. At some point, this supersonic expansion
collides with the background gas in the vacuum chamber, which has a pressure of about
1 torr. This collision causes the formation of a shock structure. The walls of this shock
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structure have been dubbed the “barrel shock.” The downstream end of the shock is
called the “mach disk,” as shown in Figure 1.3. The location of the mach disk, about 1517 mm downstream from the sampler under typical ICP-MS conditions, is a function of
the pressure difference between ICP source pressure and the first vacuum stage pressure.
The area within the walls of the barrel shock is called the zone of silence.
Number densities within the zone of silence are expected to decrease according to
an inverse square function, with ions and atoms falling off at about the same rate.9
Owing to low collision rates within the zone of silence, the recombination of ions into
atoms is not expected. Observations in the first vacuum stage reveal that little atomic
emission or atomic fluorescence is visually detectable.10,11 As recombination of ions and
electrons is not expected, ion distributions in the first vacuum stage should represent the
degree of ionization and the plasma.
1.3.

BACKGROUND

1.3.1. Researching the first vacuum stage
Preliminary work in our lab began in the second vacuum stage to investigate the
ion extraction interface as a whole. This investigation began with measurements in the
second vacuum stage. Conflicting results were observed. Axial scans of fluorescence
intensities of analytes in the ion beam were recorded downstream from the skimmer.
Along the first 8 mm of the ion beam axis, two analytes of different mass showed similar
axial intensity profiles.12 However, radial scans 33 mm downstream from the skimming
orifice showed that changes in analyte signal intensity were correlated with the mass of
the matrix element. Also, investigations of ion transport efficiency through the interface
revealed an unexpected disturbance in the flow of ions at the mouth of the skimmer
9

Mach Disk

Sampling
Orifice

Zone of
Silence

Figure 1.3. Diagram of gas flow through the sampling orifice showing the barrel of
shock, Mach Disk, and zone of silence.

orifice.13 Non-idealities associated with a flow disturbance at the skimmer were also seen
by Niu and Houk. They measured electron densities as a function of distance
downstream from the sampler. With both the sampler and skimmer installed, they
observed an unexpected drop in electron density at the mouth of the skimming orifice.14
Further experimentation into the temperatures and velocities of analytes at the
mouth of the skimmer revealed two different populations of analytes.15 One set of
analyte ions was hot (gas kinetic temperature of 2250 K) and moving slowly (40 m/s),
while the other was colder (500K) and moving fast (2400 m/s). This latter set represents
the ion populations from the quasineutral beam; and is the desired set to be sampled.
Bimodal populations were observed even with a new skimmer cone. In contrast to the
measurements downstream from the skimmer, stronger analyte signal suppressions were
observed close to the skimmer tip for the addition of magnesium as compared to lead .16
These findings indicated non-ideal skimming of the ion beam from the first vacuum
stage. It was concluded that two types of matrix effects may be occurring: one active
upstream from the skimmer, and another active downstream.
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These experiments made it clear that the plasma flow upstream from the skimmer
required further investigation. Consequently, the focus of this work was the first vacuum
stage. More specifically, the scope of this work was the region from 1-mm upstream of
the sampler to 10-mm downstream from the sampler.
1.3.2. Investigative Methods
The first vacuum stage is a difficult location for experimental investigation. The
distance between the sampler and skimmer is on the order of 10-mm. Combined with the
fact that this small volume is at a low pressure and occupied by a hot expanding gas
(about 6000° K), studying the first vacuum stage becomes a formidable challenge.
Despite the obstacles, those interested in investigating the first vacuum stage have used
different techniques to explore the ion extraction interface.
Early experiments used deposition screens to study spatially resolved ion
densities.17-19 For these experiments, a target placed in the beam path behind the
skimmer cone was analyzed spatially for elemental compositions using X-Ray and SEM
(scanning electron microscope) methods. Using deposition screens proved inadequate,
because deposition efficiency was dependent on factors such as sample composition.19
Light scattering methods such as Thompson scattering (scattering from electrons) and
Rayleigh scattering (scattering from argon) were also employed to probe ion and electron
temperatures and densities in the plasma, but not in the first vacuum stage.8,20 Scattering
techniques are complicated and require carefully calibrated instruments; reflected light is
also a significant problem. Collecting weak Raleigh or Thompson scattering and
isolating it from reflected light is a difficult task inside the cramped confines of a vacuum
chamber.
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Another method, laser-induced saturated atomic fluorescence, has also been used
to perform measurements upstream and behind the sampler.7,12,15,16In this technique,
atomic species in a laser environment absorb enough excitation radiation to promote
atoms in a lower energy level up to a higher energy level. The resulting fluorescence is a
function of the number of fluorescing species within the excitation volume. This
fluorescence technique has several advantages over other methods. Unlike the earlier
deposition experiments, the optical probes used are not immersed in the beam; therefore,
plasma flow is undisturbed by the collection process. Because a specific atomic
transition is targeted, good selectivity is achieved for the element of interest. Also,
fluorescence schemes exist such that a large wavelength separation between the
excitation and collection facilitates the elimination of scattered light. Additionally, in
contrast to deposition experiments, real-time data acquisition is possible.
1.3.3. Instrumentation
An ICP-MS ion extraction system was constructed for conducting laser-induced
fluorescence experiments in two separate areas: plasma flows upstream from the
sampling orifice, and the extracted plasma gas behind the sampler. This instrument
consisted of a typical ICP generator directed toward a sampling cone mounted to a
vacuum interface, which was in turn mounted to a vacuum chamber. Optical probes were
mounted inside the vacuum chamber to enable experimentation downstream from the
plasma source. Another set of optics was added upstream from the interface to allow
measurement within the plasma source. Two optical fibers passed through individual
gas-tight seals in the vacuum chamber to enable delivery and collection of light from
within the vacuum chamber. Laser light excitation was delivered through one fiber, and
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fluorescence of atomic and ionic species is collected through the other. Fluorescence
emission was spectrally selected by optical filters prior to detection at a photomultiplier
tube (PMT).
Figure 1.4 shows the flexibility of this system to make spatially resolved
measurements. The position of the plasma source was adjustable by means of a movable
mount capable of precise adjustments in three dimensions. The downstream optics can
also be precisely adjusted in three dimensions. The upstream optics were capable of
precise movement in the ICP radial plane, but only coarse adjustment in the axial
direction. The upstream optics probed an area representing the ion distributions in the
source, before ions have had a chance to move into the sampling interface. The upstream
optics were not only used to probe the area upstream from the sampler, but also served as
a reference for downstream measurements. When the upstream optics were used as a
reference measurement, ion transport efficiencies were reported as a ratio of the
downstream fluorescence response to the upstream fluorescence response.
1.4.

SUMMARY
Solving matrix-induced accuracy problems would save ICP-MS operators time

and material, and benefit industries relying on accurate analyses of trace elements. The
first vacuum stage of the ICP-MS has been implicated as a potential location for the
sources of matrix effects, but this region has not been thoroughly investigated. Thus, the
focus of this work is the 10 mm region downstream from the sampling cone and the area
immediately upstream of the sampling cone. Spatially resolved measurements of analyte
ion density were recorded to study the processes involved in sampling ions from an ICP
into a mass spectrometer.

13

Vacuum Chamber
Radial
To PMT
Axial

Y
Z

Sampling
Orifice
~1 Torr

To PMT

ICP

X

Dye laser

Figure 1.4. Schematic diagram of instrumentation used to measure transport efficiency.

The sampling process was investigated through spectroscopic probing of atomic
species as a function of operating conditions and sample composition. This study into the
ion extraction process included three separate issues. First, factors affecting analyte ion
transport through the sampling orifice were investigated. Second, contributions to the
matrix effect from the presence of the sampling cone were studied. Finally, mechanisms
of ion loss and collisions behind the sampler were investigated.
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2.

FACTORS AFFECTING ANALYTE TRANSPORT THROUGH THE

SAMPLING ORIFICE OF AN INDUCTIVELY COUPLED PLASMA MASS
SPECTROMETER*
2.1.

INTRODUCTION
Early studies of matrix effects in ICP-MS revealed significant changes in

instrument response with changing sample composition.1,2 The matrix effects in ICP-MS
are more severe than they are for ICP emission spectrometry, suggesting that they
originate, at least in part, somewhere in the plasma-mass spectrometer interface, or in the
mass spectrometer itself. One possibility for the source of the matrix effect is space
charge effects.
Several research groups have conducted experiments designed to characterize or
reduce space charge effects on ICP-MS performance. 3-11 The working hypothesis in
these studies was that changes in sample matrix compositions cause changes in the total
ion density in the beam extracted from the atmospheric-pressure ICP. As the beam loses
its charge neutrality, repulsions between positively charges species affect the efficiency
with which ions can be guided through the vacuum interface into the mass analyzer of the
instrument.
The research reported in this chapter had its origins in studies of space charge
effects in ICP-MS.12,13 Early experiments were based on the assumption that matrix
effects unique to ICP-MS were occurring primarily in the second vacuum stage of the
differentially-pumped vacuum interface. That is, as negatively charged ions and

*This chapter is a modified form of an article published in Spectrochimica Acta Part B, 2001, 56, 1687.
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electrons are filtered out by the ion extraction process, the remaining positive ions cause
the ion beam to spread, impairing the ability of the ion optics to focus the ion beam
toward the mass analyzer. Laser-excited fluorescence was used to characterize the ion
beam in the second vacuum stage of a “home-made” instrument. While the studies in the
second vacuum stage confirmed the existence of matrix-induced changes in the ion beam,
they also pointed to changes farther upstream, in the first vacuum stage of the interface.
Initial studies also revealed that the addition of a grounded shield between the
load coil and the plasma torch increased the ion signals in the second vacuum stage by
more than a factor of two.14 The grounded torch shield is an electrically grounded piece
of copper that wraps part way around the torch. It is designed to minimize the
capacitively induced potentials that can develop between the plasma, torch, and copper
load coil.
Because of the observations made while using the torch shield, it was natural to
extend the study of transport efficiency through the sampling orifice to include not only
matrix effects, but also the effects of the torch shield and other plasma operating
parameters that could affect potentials in the plasma. Consequently, attention was shifted
to the first stage of the vacuum interface and in particular to the efficiency with which
ions are transported through the orifice in the sampling cone that serves as the ion source
for ICP-MS.
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2.2.

EXPERIMENTAL

2.2.1. Instrumentation
2.2.1.1.

Plasma generator and vacuum chamber
The instrumental setup used in this work is shown in Figure 2.1. The plasma was

maintained by a 27 MHz generator (ICP/5500, Perkin Elmer, Norwalk, CT). The load
coil was grounded on the downstream end by a short braided cable that was attached to
the grounded vacuum interface. Except where noted, the grounded shield was placed
between the load coil and the torch. The sampling cone with a 1-mm-diameter orifice
was located 10 mm from the downstream end of the load coil. The vacuum chamber
downstream from the sampling cone was maintained at a pressure of 1 Torr. Samples
were introduced into the plasma with an ultrasonic nebulizer (U 5000, Cetac, Omaha,
NE). Except where otherwise noted, the plasma operating conditions were as shown in
Table 2.1.

Table 2.1. Instrument operating conditions.
________________________________________________________________________
Parameter
Setting
________________________________________________________________________
Incident power
1.25 kW
Outer gas flow
14 L/min
Intermediate gas flow
0.4 L/min
Nebulizer gas flow
1.4 L/min
First stage vacuum pressure
1.0 torr
Cone to coil distance
10 mm
________________________________________________________________________

21

Excimer Laser

Dye Laser

Variable Attenuator

Fiber Optics

Lenses

Computer

XYZ
Stage

Prisms
Plasma Expansion

Boxcar

Boxcar

Sampling Cone

Pre-amp

Pre-amp

ICP
Probe
Insertion
Point

PMT

PMT

Figure 2.1. Schematic diagram of instrumental set-up used to measure transport
efficiency. Reproduced with permission from Spectrochimica Acta Part B, 2001, 56,
1687.

2.2.1.2.

Optics
The beam from an excimer-pumped dye laser was split by a 50:50 beam splitter.

Each of the split beams was focused into separate 0.4 mm fused silica optical fibers. One
of the fibers passed through a vacuum feed-through into the vacuum chamber that served

22

as the first vacuum stage of an ICP-MS. Laser radiation emerging from the multimode
fiber was collimated, turned ninety degrees with a folding prism, and then focused to a
spot by a second lens. The spot was an image of the fiber end magnified by a factor of
approximately two. A second set of optics, mounted in a plane at a right angle to the
plane of the excitation optics, served to collect the laser excited fluorescence and focus it
into a 0.4 mm fiber that carried the radiation out of the vacuum chamber to a detector
module. The detector consisted of a collimating lens, a narrow band interference filter, a
focusing lens, a pinhole, and a photomultiplier tube.
The excitation and collection optics inside the vacuum chamber (referred to
hereafter as the downstream optics) were mounted on a rigid aluminum frame, which was
in turn mounted by four stainless steel posts to a computer-controlled x-y-z stage. A
photograph of the optics hardware is shown in figure 2.2. The aluminum frame was
water cooled to prevent heat damage to the optics. The frame and the cooling jacket
assembly had a two-inch hole through which most of the hot gas in the supersonic
expansion passed. Behind the hole, an aluminum deflection plate prevented the gases
from reaching and heating the motorized stages.
The volume probed by the optics was defined by the intersection of the excitation
and collection optical paths. The probe volume (approximately 0.4 mm3) was measured
previously by scanning the intersection of the two beams across a dye filled capillary.
For all of the measurements in this study, the probe volume was positioned 10 mm
downstream from the sampling cone in the position normally occupied by the skimmer
cone. The skimmer support plate and skimmer cone were not installed for the
experiments.
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The fiber containing the second half of the split laser beam was directed to a
second set of excitation optics outside the vacuum chamber that focused the laser beam to
a spot 1 mm upstream from the sampling orifice (hereafter referred to as the upstream
optics). Collection optics, on an axis angled at 45 degrees with respect to the excitation
axis, gathered fluorescence and passed it through a fiber to a second detection module
similar to the one described above. A photograph of the upstream optics is shown in
Figure 2.3.
2.2.1.3.

Potential Measurements
A sketch of the apparatus constructed for the plasma potential experiments is

shown in Figure 2.4. A 1/16-inch diameter tungsten rod served as the probe. A 1/8-inch
alumina sleeve insulated all but a 1-mm section of the top of the tungsten rod. A
setscrew made mechanical contact with the tungsten rod and held the probe within an
aluminum solenoid adapter. A wire soldered to the setscrew provided an electrical
connection to the probe. Potential measurements of the plasma represent the voltage
difference between the probe and electrical ground at the interface as collected by a 10X
probe connected to a hand-held oscilloscope (Model THS 720A, Tektronix, Beaverton,
OR). An RS-232 connection on the oscilloscope facilitated transfer of the data to a
computer.
An interface box controlled by a function generator (Model 191, Wavetek, San
Diego, CA) actuated the solenoid. A single square-wave pulse width of 100ms at the
function generator resulted in a total actuation time of about 200ms due to time delays of
the activation of the solenoid. Actuation of the solenoid directed the probe to the
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Figure 2.2. Photograph of exposed downstream optics. The vacuum interface has been
removed. The backlit optics show the path of excitation and collection of fluorescence.
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Figure 2.3. Photograph of upstream optics. The backlit optics show the path of
excitation and collection. Note that the overlap volume is directly in front of the
sampling orifice.
26
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Figure 2.4. Schematic diagram of potential probe apparatus. Reproduced with
permission from Spectrochimica Acta Part B, 2001, 56, 1687.

plasma center, 1mm upstream of the sampling cone tip. A spring attached to the bottom
of the solenoid plunger ensured probe retraction.
Typical traces collected by the oscilloscope during probe immersion into the
plasma are shown in Figure 2.5. Although the primary interest was the dc component,
both dc and rf components of the voltage are apparent. The rf component is aliased, so
the frequency appears to be much lower than the 27 MHz generator frequency.
Oscilloscope traces at shorter time scales confirmed that the rf amplitude was accurately
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represented. The rf voltages recorded before and after probe actuation are indicative of
the magnitude of rf pickup by the measuring system. The voltages reported in this
chapter are the averaged dc component during the time the probe was immersed in the
plasma center.
2.2.2. Solutions
Distilled de-ionized water (Milli-Q RG, Millipore, Bedford, MA) was used to
prepare barium, lead, lithium, and magnesium solutions from their respective nitrates.
Cesium and zinc solutions were prepared from chlorides. Scandium solution was
prepared from Sc2O3. Lithium was chosen as the element for matrix concentration
studies because it allowed for high molarities without clogging the sampling cone.
2.2.3. Analytes
Barium and scandium were chosen as the test analytes because both have efficient
non-resonant fluorescence schemes that allow for effective discrimination against
scattered light. The excitation and emission wavelengths for barium ions were 455.404
and 614.172 nm, respectively. For scandium, the respective values were 358.094 nm and
432.501 nm. All solutions used in the experiments were either 10 µg mL-1 in barium or
10 µg mL-1 in scandium, with matrix species added as indicated.
2.2.4. Signal Processing
In order to minimize drift, the measurements from the upstream and downstream
optics were recorded simultaneously. The signals from the photomultiplier tubes on the
upstream and downstream channels were fed into identical boxcar averagers (Model 250,
Stanford Research Systems, Sunnyvale, CA). The outputs of the boxcar averagers were
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Figure 2.5. Representative oscilloscope traces of potential on the voltage probe showing
the shield grounded (dashed) and shield floating (solid). Each trace represents a single
immersion cycle of the potential probe in the plasma. Reproduced with permission from
Spectrochimica Acta Part B, 2001, 56, 1687.

then digitized using two channels of a four channel A/D card. Ratios of the two signals
were then used as an indicator of the relative efficiency with which ions were transported
through the sampling orifice. For these ratios the upstream measurement was used as the
reference. Finally, the relative efficiencies were normalized to the value recorded for a
solution of pure analyte obtained under the conditions given in Table 2.1.
Representative raw and ratioed data for one set of measurements are shown in
Figure 2.6 and Figure 2.7. The measurements alternated between a solution containing
only 10 µg mL-1 of Sc and solutions containing the same concentration of Sc and
increasing concentrations of Li. Several features of these data are noteworthy. The
absolute magnitudes of the individual signals in Figure 2.6 are not significant. The
downstream fluorescence signal is initially larger than the upstream fluorescence signal
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Figure 2.6. Raw two-channel scandium fluorescence data of the signal from the
upstream optics (dashed) and the downstream (solid) optics. Solutions of 10 mg/L
scandium were alternated with solutions containing 10 mg/L scandium and increasing
concentrations of lithium. The large depressions in the signal were due to the process of
changing solutions. While changing solutions a small amount of air is introduced into the
sample introduction tubing. At the time when the air arrives at the nebulizer, no barium
is present, causing a depression in the signal. Reproduced with permission from
Spectrochimica Acta Part B, 2001, 56, 1687.

because of differences between the two channels in excitation volume, collection
efficiency, and electronic gain. It is significant that the addition of Li suppresses
fluorescence at both locations, but the suppression inside the vacuum chamber is greater
than it is upstream from the sampling orifice.
Large scale fluctuations in the two signals are well correlated, but as shown by the
residual noise in the ratios plotted in Figure 2.7, significant uncorrelated noise remains as
well. Major contributions to the uncorrelated noise are most likely shot noise and
inhomogeneities in the plasma on the scale defined by the separation of the two probes.
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Figure 2.7. Ratio of downstream/upstream scandium fluorescence signals from Figure
2.4. The spikes in the ratio measurement are due to processes involved in changing
solutions (see text). Reproduced with permission from Spectrochimica Acta Part B, 2001,
56, 1687.

The uncertainties in the ratios reported in subsequent figures and tables are based
on the standard deviations of the ratios of the two signals. In practice, these reported
values overestimate the short term uncertainty of the ratios, which should be reflected in
the standard deviations of the means of the values in each segment of the experiment, but
they give a good indication of the relative levels of noise in the measurements. Perhaps
the best estimate of the uncertainty in the ratios can be obtained from the replicate
measurements of pure analyte solutions made between each solution containing Li shown
in Figure 2.7 and from an analogous series of measurements made for Ba. The relative
standard deviation for seven replicate ratio measurements of a 10 µg mL-1 solution of Sc
was 1.7%. For the replicate measurements with a 10 µg mL-1 solution of Ba, the relative
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standard deviation was 4.3%. Potential sources of long term drift contributing to the
4.3% standard deviation are drift in the electronics and sample deposition in the sampling
orifice.
Simultaneous detection at the two locations (upstream and downstream) was
possible with a split laser beam despite the fact that the peak excitation wavelengths were
not identical. The excitation inside the vacuum chamber was red shifted due to motion of
ions in the supersonic expansion toward the excitation optics. However, the shift was
smaller than the laser line-width. In practice, the laser was tuned to the excitation peak
inside the vacuum chamber and the loss in signal that resulted from being off peak in the
upstream optical channel was considered acceptable.
2.3.

RESULTS AND DISCUSSION

2.3.1. Effect of matrix concentration on transmission efficiency
The effect of the concentration of Li on the transmission efficiencies of Ba and Sc
analytes is shown in Figure 2.8. The two analytes respond similarly to increasing Li
concentration. For a Li concentration of 7 mM (50 mg/L), the loss in transport efficiency
through the sampling orifice is already significant. Matrix dependent signals in analytical
work would produce errors in the calculated concentration of barium.
It is well known that the matrix effects observed in ICP are not as severe as those
observed in ICP-MS techniques.15 To put errors in context with ICP techniques, a similar
experiment was carried out on an ICP emission instrument (Optima 2000 DV, Perkin
Elmer, Norwalk, CT). A comparison of the calculated concentration from an ICP
emission instrument, and from the data collected 10 mm behind the sampler in the first
vacuum stage of the “homemade” instrument is shown in Figure 2.9. Figure 2.9 shows
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Figure 2.8. Relative efficiency of analyte transmission through the sampling orifice of
the ICP-MS as a function of lithium matrix concentration: ○ barium; ∆ scandium. The
upstream optics are focused 1-mm upstream from the sampler, while the downstream
optics are focused 10-mm downstream from the sampler. Reproduced with permission
from Spectrochimica Acta Part B, 2001, 56, 1687.

that even after the first stage of the ion extraction process, significant additional errors
have been introduced into the analysis.
2.3.2. Matrix mass and ionization potential effect on transmission efficiency
The effects of mass and ionization potential on ion transmission efficiency were
studied using pairs of matrix elements with extremes of mass (Mg and Pb) and ionization
potential (Cs and Zn) (Table 2.2).
Mg and Pb are a particularly convenient pair for the study of matrix mass because
their ionization potentials are nearly the same. The Mg-Pb comparison indicates that the
mass of the matrix is relatively unimportant. Interpretation of the Cs-Zn comparison is
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Figure 2.9. Comparison of calculated barium concentration by atomic emission (solid)
and atomic fluorescence techniques (dashed). Reproduced with permission from
Spectrochimica Acta Part B, 2001, 56, 1687..

Table 2.2. Effect of matrix mass and ionization potential on transmission efficiency.
Matrix
none
Pb
Mg
Zn
Cs

Mass
(amu)
-207.2
24.31
65.39
132.9

Ionization
Pot. (eV)
-7.42
7.64
9.93
3.89

Concentration
(mM)
-4.8
4.8
5.0
5.0

Ba Rel. Trans.
Efficiency
1
0.79 ∀ 0.02
0.85 ∀ 0.02
1.11 ∀ 0.05
0.79 ∀ 0.02

Sc Rel. Trans.
Efficiency
1
0.92 ∀ 0.02
0.88 ∀ 0.02
0.96 ∀ 0.02
0.85 ∀ 0.02

more difficult because the two elements differ in valence, mass, and ionization potential.
However, the small transport enhancement of the Ba efficiency observed for Zn
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compared to the suppressions for the other matrix species studied suggests that ionization
potential of the matrix element is important, as both matrix-induced enhancements and
suppressions have been reported.16
2.3.3. Effect of plasma operating parameters
Transport efficiencies with the torch shield floated and grounded are listed in
Table 2.3. Again, it is important to note that the uncertainties quoted for the transport
efficiency are short term. Experience has shown that the changes in efficiency caused by
changes in shield grounding can vary widely depending on the condition of the torch, the
cone, and the shield.
The effect of nebulizer flow on the transport efficiencies of the two analytes is
shown in Figure 2.10. No clear trend is apparent in the data with the exception that
efficiency drops for both analytes at flows above 1.4 L min-1.
The effect of rf forward power on analyte transport efficiency is also shown in
Figure 2.10. The efficiency for both analytes drops dramatically as power is reduced
from the optimized power setting for barium (1250 W).

Table 2.3. Effect of shield grounding on transport efficiency.
________________________________________________________________________
Relative Transport Efficiency
Shield Connection
Ba
Sc
________________________________________________________________________
Grounding
1
1
Floating
0.08 ± 0.01
0.16 ± 0.01
________________________________________________________________________
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a

b

Figure 2.10. Relative efficiency of analyte transmission through the sampling orifice of
the ICP-MS as a function of nebulizer flow (a) and RF power (b): ○ barium; ∆
scandium. Reproduced with permission from Spectrochimica Acta Part B, 2001, 56,
1687.

2.3.4. Plasma potential and transport efficiencies
The changes in transport efficiency associated with grounding and floating the
torch shield point to a relationship between plasma potential and transport efficiency.
Each of the experiments in which Ba was used as an analyte was repeated, and the
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potential of our probe was recorded instead of transport efficiency. The correlation
between the efficiency measurements and the potential measurements is illustrated in
Figure 2.11. There is clearly a strong correlation; however, interpretation of these results
is not straightforward.
Optimum efficiencies were recorded at probe potentials between -13 and -15
volts. The measured potentials are not simply the plasma potential, but also include
significant contributions from floating potentials. The floating potential is the result of
the differences between the mobilities of ions and electrons, and differences between the
temperature of the probe and the temperature of the sampling cone.17 The sign and
magnitude of the floating voltage depends on conditions in the plasma and the
configuration of the load coil. Gray et al.18 reported positive potentials at the center of
the plasma ranging between +6 and +18 volts for a load coil grounded at the downstream
end. Houk et al.19 reported negative potentials at the plasma center ranging between 0.0
and -2.6 volts for a center tapped load coil. Our measurements differ from these earlier
reports in that the probe diameter is larger (1.6 mm vs. 1.0 mm) and the measurements
were made closer to the tip of the sampler (1 mm vs. −3 mm). With the torch shield in
place and grounded, the absence of any secondary discharge, the long sampling cone
lifetimes, and the observation of peak transport efficiencies led to the belief that the
negative values reflect the floating probe voltage rather than the plasma potential. If such
is the case, then changes in the measured voltage to less negative values are indicative of
increasingly positive plasma potentials. It should be noted, however, that the floating
probe potential should be affected by changes in the plasma conditions.17
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Figure 2.11. Relative ion transmission efficiency vs. probe potential. The symbols
indicate from which set of experiments the data were taken. Note that the cluster of
points with an efficiency of 1.00 corresponds to the reference measurements against
which efficiency values were determined. Reproduced with permission from
Spectrochimica Acta Part B, 2001, 56, 1687..

2.4.

CONCLUSION
Despite the ambiguities in the potential measurements, they underscore the

importance of controlling plasma potential in ICP-MS measurements. Previous
discussions of the negative effects of uncontrolled plasma potential have focused on
orifice erosion, formation of doubly charged ions, and increased spread in ion kinetic
energies.20
Existing models of the ICP-MS vacuum interface do not provide a ready
explanation for changes in ion transport efficiency with changes in sample composition
or with changes in plasma potential. They are based on neutral flow through the
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sampling cone, and do not consider the effects of charged species. The correlations
between efficiency and potential observed in this study, combined with the lack of any
changes in first stage vacuum pressure associated with changes in transport efficiency,
lead to the conclusion that a charge related mechanism is affecting flow through the
sampling orifice. Additional experiments are needed to gain a better understanding of the
changes in transport efficiency reported in this study. In later chapters, additional
experiments will be discussed where efficiency through the sampling orifice is studied for
different load coil grounding configurations. Detailed mapping of the flow of neutral and
charged species in the first vacuum stage of the ICP-MS interface will also be discussed.
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3.

INVESTIGATING ION TRANSPORT EFFICIENCY THROUGH THE

VACUUM INTERFACE USING A CENTER-TAPPED LOAD COIL
INDUCTIVELY COUPLED PLASMA MASS SPECTROMETER
3.1.

INTRODUCTION
In the previous chapter, a correlation was established between potentials in the

plasma and ion transmission efficiency through the sampling orifice. It was concluded
that a charge related mechanism was affecting flow through the sampling interface.
However, the magnitude of potentials in the plasma depends on the grounding
configuration of the load coil. In the grounding configuration used for the load coil in
Chapter 2, the electrical ground is attached to one of the outer turns of a three-turn
induction coil; this is often referred to as a “reversed load coil geometry.” A schematic
of this load coil is shown in Figure 3.1. While potentials observed in Chapter 2 were on
the order of 15 V, researchers using reversed load coil ICP-MS instruments report
potentials as high as 200 volts.1-3
An alternative grounding configuration, also shown in Figure 3.1, is the “centertapped load coil geometry.” This type of load coil reduces the magnitude of the plasma
potential by grounding the center turn of the load coil. Grounding the center turn of the
load coil has the effect of balancing the capacitively-induced potentials in the plasma.1,4
Researchers report that these two types of load coils have similar sensitivities and
detection limits. However, in the case of center-tapped load coils, mass spectrometric
analyses reveal narrower ion energy distributions at the detector.2,4,5
Changing the load coil to a center-tapped geometry minimizes the contribution of
plasma potential as a factor in the ion transport efficiency changes, which may clarify
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Figure 3.1. Schematic diagram of reversed (a) and center-tapped (b) load coil grounding
geometries.

other sources of ion transport changes and matrix effects. This work represents an
investigation into changes in ion transport efficiency through the sampling orifice under
reduced plasma potential conditions. The experimental procedures for this study mirror
those where reversed load coil geometry was used, with the exception, of course, that a
center-tapped load coil ICP was used. That is, relative ion transport efficiencies were
measured as a function of operating conditions and sample compositions to study the
factors that affect the sampling of ions in a center-tapped load coil ICP-MS.
3.2.

EXPERIMENTAL

3.2.1. ICP generator
The experimental setup was similar to the work in Chapter 2, except that a centertapped load coil was used. To make the change to a center-tapped load coil ICP, an ICP
generator was extracted from an Elan 500 ICP-MS (Perkin Elmer, Norwalk, CT) and
installed into our “homemade” ICP-MS instrument, in place of the reversed load coil
system. This system consists of an ICP generator using a short torch (450-05, Precision
Glassblowing of Colorado, Centennial, CO) to direct the plasma source onto a nickel
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sampling cone (VG-1001-Ni, Spectron, Ventura, CA) mounted to a vacuum chamber. At
least one research group, after changing to a center-tapped system, noted that the device
cooling the load coil and interface experienced some difficulty maintaining the desired
temperature.5 However, no such difficulties were observed in this work.
3.2.2. Solutions
The same solutions described in chapter 2 were prepared for the repetition of the
efficiency experiments. However, the 10 mg/L Ba with 25 mg/L Li solution was
removed from the lithium matrix series to shorten the experiment, and thereby reduce
some of the drift in the matrix concentration experiment.
3.2.3. Optics
A slight change was made to optics mounting hardware. A new blast shield was
attached to the aluminum cooling block, which was designed to cool the downstream
optics mount. The new blast shield directed hot gases coming through the sampling
orifice away from the mounting rods holding the optics to avoid uncertainty in the
location of the area of interest due to expansion of the mounting rods.
As in the reversed load coil work, the downstream optics remained stationary at a
location 10 mm downstream from the sampling orifice, while the upstream optics focused
on a point 1-mm upstream from the sampling orifice. The upstream measurement served
as a reference of ion density before ions enter the sampling orifice. The downstream
measurement location represented the location of the skimmer, or those ions that would
arrive at the skimming orifice. The ratio of the upstream and downstream signals was
used as a measure of ion transport efficiency, an estimate of how efficiently ions pass
from one location to the other.
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Figure 3.2. Absolute intensity of downstream (solid) and upstream (dashed) barium
fluorescence signals. A 10 mg/L barium solution was alternated with analyte solutions
contaminated with increasing concentrations of lithium.

3.3.

RESULTS

3.3.1. Effect of matrix concentration on transmission efficiency
To investigate the effect of concentration on the transport efficiency through the
sampling orifice, alternating solutions of only the analyte, and analyte solutions with
increasing lithium concentrations as a matrix element, were aspirated into the ICP.
Figure 3.2 shows the absolute intensities of the barium fluorescence signals for these
solutions at both the upstream and downstream locations as a function of time, beginning
with the uncontaminated analyte solution. Significant signal losses appear even at low
lithium concentrations. It appears that throughout the experiment, the losses occurred
46

Downstream / Upstream

1.5

1.25

1

0.75

0.5
100

400

700

1000

1300

1600

Time /s

Figure 3.3. Ratio of barium fluorescence signals 10 mm downstream and 1 mm
upstream of the sampling orifice. Arrows mark the times where only the analyte is being
aspirated.

equally at both upstream and downstream locations. This is confirmed by plotting a ratio
of the downstream and upstream measurements, as was the convention in chapter 2,
shown in Figure 3.3. The magnitude of the change in the ratio of the two signals is much
smaller in comparison to the work with the reversed load coil. The effect of
concentration on the normalized transmission efficiency of barium ions is summarized in
Figure 3.4. In comparison to the same experiment using a reversed load coil, the relative
efficiency is less affected by lithium concentration when using a center-tapped load coil.
However, the addition of lithium does somewhat hinder the ability of ions to travel
through the sampling orifice.
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Figure 3.4. Relative efficiency of analyte transmission through the sampling orifice as a
function of lithium matrix concentration. Error bars are standard deviations. The error
bars associated with the “analyte only” solution represents the standard deviation of
seven repeat measurements of the solutions contatining only the analyte barium.

3.3.2. Matrix mass and ionization potential effects on transmission efficiency
As in Chapter 2, the effects of mass and ionization potential on ion transmission
efficiency were studied using pairs of matrix elements with extremes of mass (Mg and
Pb) and ionization potential (Cs and Zn). The tabulated results are shown in Table 3.1.
Similar to the reversed load coil work, the results of this experiment show that the mass
and ionization potential of the matrix are relatively unimportant factors in transmission
efficiency.
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Table 3.1. Effect of matrix mass and ionization potential on transmission efficiency
_____________________________________________________________________
Matrix
Mass (AMU)
Ion. Pot. (eV)
Conc. (mM) Trans. Eff.
_____________________________________________________________________
None
——
——
—
1
Mg
24.31
7.64
4.8
0.92 ± 0.03
Pb
207.2
7.42
4.8
0.90 ± 0.03
Cs
132.9
3.89
4.8
0.83 ± 0.02
Zn
65.39
9.93
4.8
0.91 ± 0.03
_____________________________________________________________________

3.3.3. Effect of plasma operating parameters on transmission efficiency
Figure 3.5 shows the effect of increasing the nebulizer flow. Increasing the
nebulizer flow reduces ion transport efficiency. The effect of changing the power
sustaining the plasma on the relative transport efficiency is also shown in Figure 3.5.
Increasing the incident power increases the ion transport efficiency through the sampling
orifice. It is important to note that the operating parameters chosen for this work were
not the optimized parameters for the analyte. The operating parameters, such as power
and nebulizer flow, were chosen for a direct comparison between the two types of load
coil geometries.
3.3.4. Plasma potential and transport efficiencies
The plasma potential measurements for all experiments were compared to their
respective efficiencies, as shown in Figure 3.6. The “analyte only” solutions are those
grouped in about a 1 V spread at an efficiency of 1.00 and potential of 0.0 V. These
points give a qualitative estimate of the error in the potential measurements. In contrast
to the reversed load coil work, there is no clear correlation between plasma potential and
transmission efficiency, except for the matrix concentration study. The matrix trend is
shown alone in Figure 3.7. Increasing potentials were measured as the lithium
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Figure 3.5. Relative efficiency of analyte transmission through the sampling orifice as a
function of nebulizer flow (a) and incident power (b).

concentration increased. This trend becomes significant above the 50 mg/L
concentration. The magnitude of this trend is similar to that with the reversed load coil
work; raising the lithium concentration up to 800 mg/L raised the potential measurement
by about 2 V.
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Figure 3.6. Relative ion transmission efficiency vs. probe potential. Symbols indicate
which experiment the data represents. The cluster of points with efficiencies of 1.00
represents reference measurements against which efficiency values were determined.

3.4.

CONCLUSION
Using a center-tapped load coil has produced different results than those obtained

using a reversed load coil. The absolute magnitude and range of all measured potentials
in the plasma is smaller in the center-tapped case. Relative ion transmission efficiency is
not affected by the lithium matrix as much as in the reversed load coil situation.
However, increasing the lithium matrix did increase the plasma potential by
approximately the same magnitude and direction as the reversed load coil experiment.
Regarding the changes in incident power and nebulizer flow, the observed trends may
simply be the result of changes in the location of barium ionization in the plasma.
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Figure 3.7. Effect of lithium concentration on the potential of the plasma. The error bars
are standard deviations of the potential measurements.

The exact cause of these effects cannot be determined from this work.
Mechanisms of ion loss between the upstream and downstream positions are unclear.
This experiment was designed to look at two specific points imitating the arrangement of
the sampling and skimming cones, which means that only a small volume at each
location is probed. More information can be harvested about where the ions are going by
probing the region between the sampler and skimmer. The optical probes used here can
move freely within the first vacuum stage, enabling further investigation into the spatial
distributions of ions in the region behind the sampling cone.
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4.

OPTICAL MEASUREMENTS OF ION TRAJECTORIES THROUGH

THE VACUUM INTERFACE OF AN INDUCTIVELY COUPLED PLASMA
MASS SPECTROMETER*
4.1.

INTRODUCTION
Inductively coupled plasma mass spectrometry instruments require optimization

of operating parameters for proper function and optimum analytical performance. As
ions are not uniformly distributed in the plasma, a good understanding of ion spatial
distributions in the plasma and of how those distributions change with plasma operating
parameters is essential as one tunes the instrument for optimum performance.
A variety of approaches have been used to measure spatial distribution of species
in analytical ICPs. The simplest experimental approach is to measure emission from the
plasma as a function of spatial position. The disadvantage of this approach is that it does
not directly produce radially resolved data. Abel inversions of lateral data or
tomographic reconstructions of large data sets are required to generate radially resolved
data.1 Fluorescence measurements can generate radially resolved data directly, but
generally require more complex instrumentation than do emission measurements.
Because of the limited space in the interface region of most inductively coupled
plasma mass spectrometry instruments, optical measurements are difficult. For this
reason, some researchers have produced spatially resolved measurements by scanning the
plasma laterally across the sampling aperture of the mass spectrometer. In such studies, it
has been assumed that the ion signal recorded for a particular position of the sampling

*This chapter is a modified form of an article published in Applied Spectroscopy, 2004, 58, 463.
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cone in the plasma is representative of the ion density at that position. This assumption
has been justified on the basis of computer simulations, which show that the ions that
reach the detector come from the centerline of the ion beam in the sampling interface. 2,3
Scans of the plasma across the sampling cone have been used in a variety of studies to
reconstruct the spatial distributions of ions within a plasma source. , 4, 5, 6 However, given
the complexity of the ion sampling and transport process in an inductively coupled
plasma mass spectrometer (ICP-MS), experimental tests of the assumptions that underlie
the use of the sampling interface to measure ion distributions in an ICP are warranted.
The flow of ions into the sampling interface of an ICP-MS was studied in recent
works by Stewart et al. 7 A mono-disperse mono-particulate injector (MDMI) was used
to introduce an analyte to locations off-axis of the centerline flow within the plasma
upstream of the sampling cone of a mass spectrometer. The resulting ion clouds were
observed photographically and at the mass spectrometer to produce spatially resolved
data. The work by Stewart et al. shows that gas entrainment can alter the trajectory of
ions, and that spatial profiles generated using the mass spectrometer as the mapping
device may not be representative of actual ion densities in the plasma.
In this study, we employed a flexible system based on laser induced fluorescence
to trace ion trajectories in a mockup of the first vacuum stage of an ICP-MS interface.
Measurements with this system provided interesting insights into the effect of the
interface on the plasma, and provided a direct test of the efficacy of using the vacuum
interface to generate ion density profiles in the plasma ion source. An accurate
understanding of the spatial distribution of species in the plasma and the area downstream
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of the sampler may aid in the understanding of the unexplained ion losses mentioned in
the previous two chapters.
4.2.

EXPERIMENTAL

4.2.1. INSTRUMENTATION
The ICP-MS instrument used for this work was detailed in earlier chapters, and
will only be briefly described here.8,9,10,11,12 This system consists of an ICP generator
using a short torch (450-05, Precision Glassblowing of Colorado, Centennial, CO) to
direct the plasma source onto a nickel sampling cone (VG-1001-Ni, Spectron, Ventura,
CA) mounted to a vacuum chamber. The sample was introduced to the plasma via an
ultrasonic nebulizer (ATX-100, Cetac, Omaha, NE) and desolvating system (U-5000,
Cetac, Omaha, NE). A schematic of the experimental setup is shown in Figure 4.1.
Table 4.1 lists typical operating conditions. Two separate but similar sets of optics were
used to collect fluorescence at a position upstream and a position downstream from the
sampling cone. To improve our ability to probe the plasma upstream from the sampling
cone a new mount with micrometer stages was installed for the optics upstream from the
vacuum chamber.
4.2.2. ANALYTE
10 µg mL-1 barium solutions were diluted from 1000 µg mL-1 barium chloride
standards prepared from solid barium chloride (Fisher Scientific, Hampton, NH). During
one set of scans using the upstream optics, the 10 µg mL-1 solution was diluted to 5 µg
mL-1 to avoid saturating the photomultiplier tube (PMT) and signal collection electronics;
the signal from those scans was doubled accordingly. Solutions were prepared using
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Figure 4.1. Schematic diagram of instrumentation used to measure spatial profiles of ion
density. Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.

Table 4.1. Instrument operating conditions
________________________________________________________________________
Operating parameter
Setting
________________________________________________________________________
Incident power
1.25 kW
Reflected power
<5 W
Outer gas flow
12
L min -1
Intermediate gas flow
0.4 L min -1
Nebulizer gas Flow
1.4 L min -1
First stage pressure
1.0 torr
Sampling depth1 (unless otherwise specified)
10 mm
1

Sampling depth is defined as the distance from the tip of the sampling cone to the plane
of the first turn of the load coil.
________________________________________________________________________
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de-ionized distilled water (Milli-Q RG, Millipore, Bedford, MA). Barium was chosen as
the analyte due to an efficient non-resonant fluorescence scheme. Ba ions were excited at
445.404 nm using an excimer pumped dye laser. Fluorescence was collected at 614.172
nm using a PMT and an optical interference filter to reject plasma emission.
4.2.3. SCANNING
As shown in Figure 4.1, three independent sets of spatial adjustments were
possible; precise xyz movement of the ICP impedance matcher and torch, precise xy and
coarse z movement of the micrometer stages supporting the optics outside the vacuum
chamber, and precise xyz movement of the motorized stages to the which the optics
inside the vacuum chamber were mounted. The z axis was the horizontal axis defined by
the centerline of the ICP torch.
Fluorescence signals from the two optical systems were collected at each point of
a scan and delivered via fiber optics through narrowband interference filters (Barr
Associates, Westford, MA) to PMT’s (R928, Hamamatsu, Bridgewater, NJ). Signals
from the PMT’s were amplified using fast voltage amplifiers (Model 310, Sonoma
Instruments, Santa Rosa, CA). The amplified signals were fed into boxcar averagers
(Model SR 250, Stanford Research Systems, Sunnyvale, CA), with the boxcar outputs
being recorded at an A/D converter (PCI-6110 National Instruments, Austin, TX) at four
points per second for 15 seconds. Only the last 5-7 seconds of each position were used in
calculating averages to allow for the time constants associated with the boxcar averagers.
4.2.4. UPSTREAM OPTICS SCANS
The upstream optics were used two ways; one in which the ICP was moved
incrementally with the upstream optics remaining stationary, and one in which the
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upstream optics mount was translated while the ICP was stationary. For scans where the
upstream optics were held stationary, they were first centered on the fluorescence
maximum in the xy plane at a z position 1 mm upstream from the sampling cone.
4.2.5.

DOWNSTREAM OPTICS SCANS
Automated stages assisted in the data collection for experiments performed inside

the vacuum chamber. These stages have the ability to move or scan in three dimensions.
The stages held the optics at each position for 15 seconds, followed by several seconds
delay to move the stages to the next position. Radial fluorescence profiles were collected
along the x-axis at z positions of 2, 5, and 10 mm downstream from the orifice. Step
sizes and scan limits were varied to accommodate the expansion of the plasma. Complete
sets of radial profiles were collected at the three z positions for each of eleven positions
of the ICP with respect to the sampling cone. The ICP was translated along the x axis
from 2.5 mm above the cone centerline to 2.5 mm below the cone centerline in 0.5-mm
increments.
During the downstream scans, data were collected simultaneously at upstream
optics centered on the sampling orifice, at a z position 1 mm upstream from the tip of the
cone. Fluorescence signals from the downstream optics were normalized to the signal
from the fixed upstream optics to compensate for drift in the nebulizer and in the power
from the exciting laser.
4.2.6. PROBE RESOLUTION
For accurate interpretation of the data, it was essential to know the spatial
resolution of the optical probes. The optics used both upstream and downstream from the
sampling cone were scanned across a fused silica capillary of outside diameter 150 µm,
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and inside diameter 50 µm, filled with Rhodamine 6G. The resulting fluorescence
response was recorded using the described setup. The results of these scans are shown in
Figure 4.2. In this figure, the error bars are standard deviations of the mean from 10
measurements. The scans shown are a convolution of the fluorescence probe volume and
the 50-µm I.D. of the capillary. Because of difficulty in modeling the refraction of the
excitation and emission by the capillary walls, no attempt was made to deconvolute the
contribution of the capillary from the observed profiles. The probe volume was
determined by the overlap of the excitation and collection optics. An approximate probe
volume for the downstream optics of 0.4 mm3 was measured previously. It should be
noted that the poorer spatial resolution in the downstream measurements is expected, as
there is a magnification factor of two in the downstream optics setup.

Given the 400

µm diameter of the fiber core, the widths of the upstream and downstream profiles are
close to the expected values of 0.4 mm and 0.8 mm, respectively. The asymmetry in the
upstream profile is probably due to imperfect cleavage of one of the fiber ends.
4.3.
4.3.1.

RESULTS
OFF-AXIS SCANS
Figure 4.3-Figure 4.5 show the effect of scanning the ICP across the sampling

orifice on sample ion trajectories downstream from the sampling cone. Note that in the
figures, the location of the centerline of the ICP with respect to the center of the sampling
cone is indicated by the small ICP icon below the horizontal axis. Several features of
these figures merit comment. The ion distributions are consistent with a hemispherical
sink flow, in which the flow lines converge toward the sampling orifice and then spread
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Figure 4.2. Spatial resolution of upstream (dashed) and downstream (solid) optics.
Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.

again in the supersonic expansion, without any significant mixing. The small peak that
appears in all of the plots at a radial position +4 mm and a z position of + 2 mm is almost
certainly an artifact caused by reflection of the laser beam from the polished inner surface
of the sampling cone. The relative magnitudes of the signals at different z positions must
be interpreted cautiously because a significant fraction of the total ion population enters
the expansion in excited metastable states, which decay to the probed ground state at an
unknown rate. Nevertheless, it is interesting to note that a significant flux of ions enters
the first vacuum stage, even when the ICP is positioned 2.5 mm off axis.
Our apparatus gives us three distinct ways of looking at radial distributions of
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Figure 4.3. Profiles of barium ion density downstream of the sampling orifice. The
plasma has been translated with respect to the centerline by (a) 2.5 mm, (b) 2.0 mm.
Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.
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Figure 4.4. Profiles of barium ion density downstream of the sampling orifice. The
plasma has been translated with respect to the centerline by (a) 1.5 mm, (b) 1.0 mm.
Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.
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Figure 4.5. Profiles of barium ion density downstream of the sampling orifice. The
plasma has been translated with respect to the centerline by (a) 0.5 mm, (b) 0.0 mm.
Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.
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ions in the plasma upstream from the sampling cone. (1) A plot of the fluorescence
intensity recorded by the stationary upstream optics as the plasma is scanned across the
sampling cone provides a measure of the radial distribution of ions that enter the first
vacuum stage. (2) A distribution can be constructed from a plot of the fluorescence
intensity recorded downstream from the sampling cone at z = 10 mm and x = 0 mm as a
function of plasma position. This approach indicates the radial distribution of ions that
would enter the second vacuum stage through a skimmer cone positioned 10 mm
downstream from the sampling cone. (3) A scan of the external optics across the
sampling orifice with the plasma centered on the sampling cone gives a direct measure of
the radial distribution of ions immediately upstream from the sampling cone. The three
profiles are compared in Figure 4.6. The differences among the profiles are not
surprising. The ICP scan (curve 1) is wider than that of the external optics scan of the ion
densities upstream of the plasma (curve 3). This observation provides confirmation of
the flow distortions reported in single droplet studies by Stewart et al.7 The difference in
width between curves 2 and 3 can be attributed in part to the differences between the
spatial resolutions of the two optical systems. The profile represented by curve 2 is also
broader than would be recorded with a complete ICP-MS, because, as reported by
Douglas and French,2 only ions passing through the center of the skimmer cone reach the
detector of a mass spectrometer.
Given these known broadening mechanisms for curve 2 in Figure 4.6, the
differences between curves 2 and 3 are small. The data in Figure 4.6 suggest that radial
profiles recorded from scans of the plasma across the sampling cone of an ICP-MS (curve
2) are close approximations of the actual radial distribution of ions entering the sampling
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Figure 4.6. Radial profiles of barium ion density recorded by scanning: the ICP
(▬ ▬ ▬ ), the downstream optics (▬▬▬), and the upstream optics ( ─ ─ ──).
Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.

cone (curve 3), with the possible exception of some broadening on the wings of the
profile. However, profiles recorded by scanning the plasma across the sampling cone are
not good representations of ion distributions in an unperturbed ICP. That such is the case
is illustrated in Figure 4.7. The curves in Figure 4.7 were recorded by scanning the optics
across the plasma at a fixed distance of 9 mm from the downstream end of the load coil.
The distance between the end of the load coil and the sampling cone was varied as
indicated in the figure legend. Clearly, the sampling cone cools the plasma and narrows
the ion distribution. This observed cooling is consistent with those reported by
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Figure 4.7. Radial profiles of barium ion density recorded by scanning the upstream
optics across the plasma at a z-axis position of 9 mm downstream from the load coil. The
load coil-sampling cone separations were: 10 mm (────), 14 mm (─ ─ ─ ), and 18 mm
(───). Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.

Lehn et al.13 They reported that the sampling cone caused a significant reduction in both
the temperature and electron density in the central channel of the plasma.
4.3.2. ION TRANSMISSION EFFICIENCY
The ability to generate detailed radial profiles of ion density within the first
vacuum stage of the ICP-MS provides a means of estimating the efficiency with which
ions are transmitted through the interface. Detailed scans over a range of axial positions,
illustrated in Figure 4.8, exhibit a high degree of symmetry in the planes of the scans. If
one assumes that the symmetry extends to three dimensions, then it is possible to estimate
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Reproduced with permission from Applied Spectroscopy, 2004, 58, 463.

what fraction of the total ion signal falls within the radius of a typical skimmer orifice.
The fraction was calculated by rotating the profile about the z-axis and then dividing the
volume within the radius of a skimmer cone by the total volume of the rotated solid. At a
sampler-skimmer separation of 6 mm, 9.0 percent of the ions in the distribution would
pass through a skimmer with a radius of 0.40 mm. With the separation increased to 10
mm, the percentage drops to 3.4. Both percentages are significantly larger than the 1
percent estimated by Douglas and French2 for the fraction of the total flow through the
sampler that passes through the skimmer at a sampler-skimmer separation of 6.1 mm. It
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should be noted that our calculations do not account for any losses at the edge of the
beam in the sampling orifice or immediately downstream from it.
One would expect the analyte ions to be skimmed with a higher efficiency than
the bulk gas because the analyte ions are not distributed homogeneously throughout the
expansion. Rather, they are concentrated on the axis defined by the sampler and skimmer
cones. That such is the case, a comparison is given between the density of ions and that
of the bulk gas as a function of radial position 10 mm behind the sampling cone. In
Figure 4.9 experimental data shown are ion densities recorded 10 mm behind the
sampling cone (from Figure 4.8). The radial profile of the bulk neutral gas at 10 mm was
calculated according to the equation:14

⎛ πφ ⎞ ⎛ r
n = B ∗ cos ⎜
⎟ ∗ ⎜⎜
⎝ 2C ⎠ ⎝ ro

−2

⎞
⎟⎟
(Eq. 4.1)
⎠
where n is the relative number density, ro is the radius of the orifice, r is the distance from
2

the point of interest to the orifice, φ is the polar angle between the centerline flow and the
point of interest, and B and C are constants, 0.643 and 1.365, respectively, for argon.
4.4.

CONCLUSION
The practice of scanning an ICP across the sampling cone of an ICP-MS to

generate radial ion density distributions produces profiles that are a good approximation
of the actual density distributions in the plasma, with two caveats. The first is that
profiles generated by scanning the plasma have wings that are broader than profiles
generated directly by laser-excited fluorescence. The second and more important caveat
is that scanning the plasma across the sampling cone generates a profile that is
significantly perturbed by the cone. The cone narrows the ion distribution and suppresses
the ion signal.
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Figure 4.9. Comparison of the experimental data of ion flow and theoretical neutral flow
in the first vacuum stage. Reproduced with permission from Applied Spectroscopy,
2004, 58, 463.

In addition to providing insights into the meaning of profiles measured by
scanning the plasma across the sampling cone, the detailed measurements of ion density
profiles downstream from the sampler provide a means of estimating the efficiency with
which analyte ions are skimmed from the supersonic expansion. The fraction of analyte
ions passed through the skimmer cone is significantly higher than the fraction of the total
gas flow that passes from the first vacuum stage of the interface to the second stage.
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5.

INVESTIGATING RELATIVE ION AND ATOM NUMBER DENSITIES

IN THE FIRST VACUUM STAGE OF AN INDUCTIVELY COUPLED PLASMA
MASS SPECTROMETER
5.1.

INTRODUCTION

In previous chapters, we have seen that ion transport through the sampler and
skimmer can change as a function of instrument settings and sample composition, and
that the interface interacts with the plasma.1-3 These results still need explanation; the
sources of ion losses in the vacuum interface are uncertain. Current theories and
assumptions about the ion extraction process do not account for the changes we have seen
thus far. One current theory assumes that the degree of ionization in the source should
remain constant as ions pass through the sampler and skimmer.4
This hypothesis has been justified by citing low collision rates from theoretical
estimations of the region behind the sampling cone. Another justification is the fact that
the density of both charged and neutral species decrease similarly behind the sampler in a
supersonic plasma jet.5 If ion-ion or ion-electron collisions are not expected, then it is
assumed that the degree of ionization must be frozen during the sampling process.
However, the results leading to this conclusion were obtained on an instrument of
significantly larger dimensions (50 kW RF generator vs. 2 kW, and a 44 mm sampling
orifice vs. 1 mm) than the commercial instruments of today.
Some evidence exists to support these assumptions. The following experiments
were carried out on instruments representative of those more recently in commercial
production. While aspirating a sodium solution and observing the first vacuum stage,
researchers determined that atomic fluorescence of sodium atoms could not be visually
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detected in the zone of silence.6 They concluded that if few atoms could be detected,
then ion-electron recombination must be a minor process. Photographic evidence was
also presented supporting this observation.7 Although neither of these experiments used
sensitive detectors, they supported the assumption that recombination of ions and
electrons must be a minor or absent process.
On the other hand, other authors have suggested that the degree of ionization can
change within the interface. Beauchemin et al.8 reported that because both matrixinduced enhancements and suppressions are reported in the literature, electron ionization
and recombination of ions and electrons to atoms must be competing processes within the
interface. These authors suggest that an increase in the rate of atom-electron collisions
(caused by the introduction of electrons from an easily ionized element) could result in
increased collisional ionization of the atoms, which could in turn lead to an enhancement
of the analyte signal. Suppressions are observed if the matrix element is known to form
oxides or if deposition of the matrix element occurs in the interface. The resulting
decrease in collisional ionization allows recombination to become the dominant of these
two processes. In the case where no effect is seen from the addition of the matrix
element, the two processes may be in equilibrium.
In addition to the suggestions made by Beauchemin et al., Houk and
Praphairaksit9 have discussed collisions in the vacuum interface. These authors suggest
that weakly bound polyatomic ions, such as ArO+, fragment in the region between the
sampler and skimmer. However, not enough kinetic energy is available to dissociate ions
such as metal oxides because abundances at the mass spectrometer are similar to those
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found in the plasma. The research from these two authors suggests that the interface may
not be completely passive.
The work presented in this chapter is an attempt to test the hypothesis that the
degree of ionization in the plasma source is frozen during the expansion. In order to
monitor the decay and/or formation of atomic species, laser-induced fluorescence was
used to probe relative number densities of calcium atoms, ions, and metastable ions as a
function of spatial location in the area 10 mm behind the sampler cone. Fluorescence
lifetimes of calcium atoms have also been measured to qualitatively investigate the
collisions occurring in the area directly behind the sampler.
5.2.

EXPERIMENTAL

5.2.1. INSTRUMENTATION

Most of the instrumentation required for this work has already been described in
previous chapters and is published in other literature.2,3,10-12 However, some discussion is
required to orient the reader. The ICP was generated from a center-tapped load coil 27
MHz RF Generator (Elan 500, Perkin Elmer, Norwalk, CT) using a short torch (Precision
Glassblowing of Colorado, Centennial, CO). The ignited plasma from this device was
directed toward a nickel sampling cone (VG-1001-Ni, Spectron, Ventura, CA), which
served to extract ions into an adjacent vacuum chamber that has been used to imitate the
first vacuum stage (the area behind the sampling cone) of an ICP-MS. Samples were
introduced into the plasma via an ultrasonic nebulizer (ATX-100, Cetac, Omaha, NE) and
desolvation system (U-5000, Cetac, Omaha, NE). Typical instrument settings are listed
in Table 5.1.
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Table 5.1. Instrument Operating Parameters and Settings.

Instrument Parameter
Incident Power
Reflected Power
Outer gas flow
Intermediate gas flow
Nebulizer gas flow
First stage pressure
Cone to coil distance

Setting
1.1 kW
<5 Watts
12 L min-1
0.4 L min-1
1.4 L min-1
1.0 torr
10 mm

5.2.2. SOLUTIONS

For previous experiments, barium was used as the analyte. However, the
metastable energy level of the ion is significantly populated, and unknown decay rates to
the ground state from the metastable levels introduce uncertainty into the experiment.
Therefore, calcium was chosen as the analyte based on the fact that the metastable energy
levels were less populated, as estimated from Boltzmann distributions shown in Figure
5.1. 10 mg/L calcium solutions were diluted from 1000 mg/L stock solutions, which
were in turn prepared from solid calcium chloride (Spectrum, Gardena, CA). Sodium
stock solutions were prepared from sodium chloride (EMD Chemicals, Darmstadt,
Germany). For dilutions, deionized distilled water (Milli-Q RG, Millipore, Bedford,
MA) was used.
5.2.3. AXIAL SCANS BEHIND THE SAMPLER
5.2.3.1.

Ion and atom fluorescence measurements

Laser-induced fluorescence was used as a measure of calcium atom and ion
densities at specific locations within the first vacuum stage. An excimer-pumped (LPX
200, Lambda Physik, Ft. Lauderdale, FL) tunable dye laser (Scanmate 2, Lambda Physik,
Ft. Lauderdale, FL) provided the excitation beam for ground-state ion and atom
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Figure 5.1. Spectroscopic scheme for laser-induced atomic fluorescence of barium and
calcium. The percentages are estimates of the population of the energy levels from a
Boltzmann distribution at 6600 °K. Note that the metastable level of calcium is less
populated than barium.

measurements. Frequency doubling of the laser was required to achieve the excitation
wavelength required for calcium atoms. The laser beam was delivered, via fiber optic, to
the optics mounted on movable stages located inside the vacuum chamber. In a similar
manner, the fluorescence from the same location was collected, as shown in Figure 5.2.
Optical interference filters were used to select fluorescence and reject plasma emission
(an additional 500 nm long-pass filter was necessary to reject scattered laser in the atom
case). The PMT (R928 Hamamatsu, Bridgewater, NJ) output was amplified by a fast
amplifier (Model 310, Sonoma Instruments, Santa Rosa, CA) and fed to a gated boxcar
integrator (Model SR 250, Stanford Research System, Sunnyvale, CA). The boxcar
integrator signal output was monitored at an A/D converter (PCI-6110, National
Instruments, Austin, TX). Relative number densities of calcium ions and atoms were
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Figure 5.2. Schematic diagram of experimental setup.

measured as motorized stages were scanned along the axis of ion flow in 0.25 and 1.00mm increments. A comparison of the different axial resolutions is shown for calcium
atoms and ions in the first 10 mm behind the sampler in Figure 5.3. Scans were acquired
as data were collected at incremental points along the axis defined by the torch and
sampling orifice. Except where indicated, data was collected in 1.00-mm increments to
keep experiments short and avoid drift in the scan over time (3 min. vs. 12 minutes). All
1.00 mm resolution scans shown are the average of three separate scans on the same day.
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Figure 5.3. Probe resolution comparison for atoms collected at 700 watts (a) and ions
collected at 1100 watts (b). The 1.00-mm resolution profiles (solid) shown here are the
average of three replicate scans. 0.25-mm resolution profiles (dashed) are single scans.

Figure 5.4 shows an axial profile of the average and standard deviation of three
different scans recorded on three different days. The scans have been normalized (peak
value set to 1) to focus on the comparison of profile shape, rather than the absolute
intensities. The stages were stationary at each location for 20 seconds. Only the latter 10
seconds were averaged to account for the lag in data processing associated with the time-
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Figure 5.4. Average of three separate axial atom scans recorded on three different days.

constant of the boxcar integrator. 1-2 additional seconds were required to move the
stages to the next position.
5.2.3.2.

Metastable Ion measurements

The metastable level of calcium ions was also monitored to complete the
accounting of calcium ions. Excitation was achieved with a tunable diode laser (2010,
EOSI, Boulder, CO). The line-width of the diode lasers is much smaller than the
transition of interest. In order to represent the total metastable ion density, the
wavelength of the diode laser was scanned over time across the atomic fluorescence
transition by the laser controller; five times in an ascending direction and five times in a
descending direction (about 10 min). By scanning the laser we recorded not only the
peak intensity, but also the peak shape. The area under the frequency-based profiles was
calculated in Mathcad (Mathcad 11, Cambridge, MA) to represent the total number
density, so that the metastable ion profiles could be compared to the profiles of atoms and
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ground-state ions. Fluorescence was collected by the optical system shown in Figure 5.2
and focused on a PMT. However, this signal is small in comparison to emission at the
same wavelength and requires a lock-in amplifier. The lock-in amplifier (Model 830,
Stanford Research System, Sunnyvale, CA) was referenced to an optical chopper placed
after the diode laser. Data for this species were only collected in 1.00-mm increments.
5.2.4. LIFETIME MEASUREMENTS

A qualitative study was attempted to investigate collisions in the first stage of the
vacuum interface. The length of fluorescence lifetimes is related to collision rates. Statechanging collisions reduce fluorescence lifetimes. Fluorescence of calcium atoms (see
Figure 5.5) at different axial locations was recorded on a 400 MHz storage oscilloscope
(Lecroy 7200, Chestnut Ridge, NY) for the 10 mm immediately behind the sampler at
700 watts. PMT pulses, amplified by a fast (Model 310, Sonoma Instruments, Santa
osa, CA) amplifier, were averaged on an oscilloscope for 1000 laser shots. The
averaged data were exported in binary format, translated to ASCII, and imported to
Microsoft Excel for processing. Profiles were recorded in 0.5 mm increments for the first
4-mm (the region where the most dramatic changes in lifetime occur), and in 1-mm
increments from 4-mm to 10-mm behind the sampling cone. Figure 5.6 shows several
example profiles of fluorescence lifetime. Only the profiles from the first 4-mm
downstream from the sampler are shown for clarity. The time scale zero in Figure 5.6
was set to zero to coincide with the onset of the laser pulse. The experimental setup was
the same for recording the laser pulse as it was for the other lifetime measurements,
except that the ICP was turned off and a 0.1 % transmission filter was used to avoid
saturating the PMT. Figure 5.7 shows the normalized average of the PMT response for
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Figure 5.5. Spectroscopic scheme for laser-induced fluorescence of calcium atoms. The
percentages are energy level population estimates as calculated from Boltzmann
distributions at 6600 °K.

1000 laser shots. Some non-ideal behavior is evident from the cabling between the
electronic devices.
5.3.

RESULTS

5.3.1. AXIAL SCANS
5.3.1.1.

Effect of incident power

Changing the incident power from 1100 Watts (the setting which achieves the
maximum calcium ion signal) to 700 Watts (the setting which achieves the maximum
atom signal) decreased the axial ground-state ion and metastable ion signals, and
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Figure 5.6. Absolute (a) and normalized (b) fluorescence decay profiles of calcium
atoms as a function of distance behind the sampler at 700 Watts.
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Figure 5.7. Temporal profile of the excitation laser pulse.

increased the atom signal, as shown in Figure 5.8. This result was expected. More power
in the ICP should translate to more energy available for the ionization of the analyte.
Also, the metastable level was less populated at the lower power. In Figure 5.9,
normalized profiles are shown where the maximum values have been set to a value of 1.
Normalizing the data reveals that decreasing power causes the ion profile to decay at a
faster rate, while the atom profile is shifted 1-mm downstream. The metastable profiles
decay at similar rates regardless of the power setting. Figure 5.10 shows all of the
species together for each of the two different power settings.
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Figure 5.8. Effect of incident power on the absolute intensities for axial profiles of
atom(a), ion(b), and metastable populations (c) of calcium in the region behind the
sampling orifice. Power settings are 1100 watts (solid), and 700 watts (dashed).
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Figure 5.9. Normalized intensities for axial profiles of atom (a), ion (b), and metastable
c) populations of calcium in the region behind the sampling orifice. Two power settings
are shown 1100 watts (solid), and 700 watts (dashed).
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settings, 1100 watts (a) and 700 watts (b), for an ICP-MS.
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5.3.1.2.

Effect of matrix element

The relative number density experiments were repeated with the addition of a
matrix element to the analyte solution to investigate collisionally-induced changes to the
degree of ionization behind the sampler. Figure 5.11 shows the change in absolute
density measurements of atoms, ions, and metastable ions while aspirating a solution in
which 250 mg/L sodium has been added to the 10 mg/L calcium. While much higher
matrix concentrations have been used by other researchers, the concentration used here
was conservatively chosen to avoid clogging the sampling orifice. The addition of the
matrix element to the analyte solution depresses both of the probed ion populations, while
the atom signal has a slightly taller peak. In the normalized profiles, (Figure 5.12), the
addition of the sodium to the analyte solution causes each of the ionic species to decay at
a slightly faster rate.
5.3.2. FLUORESCENCE LIFETIMES
5.3.2.1.

Computer Simulation

The normalized fluorescence profiles in Figure 5.6 have features which cannot be
readily explained. The profiles with shorter lifetimes do not return to the baseline. Also,
the top of the fluorescence peak shifts to longer times as the optical probes are translated
farther away from the sampler. To investigate whether these features are a natural result
of the environment in the first vacuum stage, DensMat, a computer program for the
simulation of time-resolved laser-excitation of atoms, was used to model spectroscopic
conditions similar to those in which the lifetime measurements were acquired.13,14 The
parameters shown in Table 5.2 were used in Densmat to simulate the population in the
excited state of calcium atoms as a function of time.
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Figure 5.11. Comparison of a 10 ppm Ca solution with (dashed) and without (solid) the
addition of 250 ppm sodium for atoms (a), ions (b), and metastable ions (c).
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Figure 5.12. Comparison of atom (a), ground-state ion (b), and metastable ion (c)
fluorescence lifetime profiles while aspirating a 10 ppm Ca which also contained 250
ppm Na.
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The program allows the user to control collisional rates into and out of the
different energy levels within the system under study. For each profile, the collision rate
was the same for both pathways out of the excited energy level, as well as out of the
metastable level of the atoms. Collisions causing excitation were set to zero. Adding
excitation collisions to the simulation would mean excitation was occurring before the
laser pulse. This was not observed in the experimental data.

Table 5.2. DensMat simulation parameters.

Instrument Parameter
Excitation Wavelength
Laser Irradiance
Laser Bandwidth
Laser Pulse Shape
Temporal Resolution
Spontaneous emission rate

Setting
272.164 nm
1.0×103 W/cm2
4.5×109 Hz
External Profile (Figure 5.7)
1 ns
1.2×107

As the plasma expands (and the optics move further downstream), collision rates
will decrease. Therefore, the simulation was repeated for several different collision rates
to simulate the different positions of the optics. Normalized fluorescence profiles for
several different collision rates are shown in Figure 5.13. When no collisions are
occurring, the simulated profile should be representative of the theoretical lifetime. The
theoretical lifetime (83 ns) was part of the parameters required by the simulation in the
form of the spontaneous emission rate, which is A=1.2×107 s-1. The simulated result was
similar to the normalized profiles in Figure 5.6. The artifact from the non-ideal decay of
the original laser pulse is propagated in the simulated profiles. The shifting maxima are
reproduced in the computer simulation, suggesting that this phenomenon was the result of
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Figure 5.13. DensMat simulation result for several collision relaxation rates. Inset
shows the magnified peak maxima to illustrate the shift to longer times for profiles of
longer fluorescence lifetime.

changes in the collision rates. However, the experimental profiles with shorter lifetimes
do not return to the baseline. Again, collisions which would repopulate the upper states
were excluded in this simulation for simplicity. Including these types of collisions could
account for the fact that the profiles do not return to the baseline, as the temperature of
the plasma is high enough to repopulate the upper level of the transition from the
metastable level.
High velocities are part of the nature of the adiabatic expansion behind the
sampler. One concern about measuring fluorescence lifetimes of atoms in motion is that
some of the calcium atoms will leave the collection volume before the emission from the
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departing atoms can be collected. Profiles of fluorescence lifetime would artificially
decay at a faster rate due to the loss of the emitting species, not only the decay of the
emission from the species.
The significance of the effect the artificial decay has on the comparison of the
profiles can be qualitatively gauged by examining the fraction of ions that leave the
collection volume in the time scale of the fluorescence decay. In our lab, the average
velocity of calcium ions behind the sampler was determined from Doppler shifts in laserinduced fluorescence measurements.15 At 2-mm behind the sampler, the velocity was
about 1800 m/s. This value increased to 2400 m/s for the calcium ions 10-mm
downstream (argon atoms covered approximately the same range). The profiles collected
furthest downstream from the sampling cone (those with the fastest velocities) will be
affected the most. Using a velocity of 2400 m/s, the velocity of the fastest moving atoms,
one-fifth of the argon atoms will have traveled out of the 1-mm-wide collection volume
in the time frame of the fluorescence decay. In this case, flow out of the probe volume
will cause the fluorescence profiles to decay at a faster rate than measurements of

stationary atom populations. However, the observed trend in the experimental data
shows that the lifetimes are significantly increasing. This reinforces the idea that the
observed trends are most likely due to changing collisions, and cannot be due to a loss of
calcium atoms leaving the collection volume.
5.3.2.2.

Axial Fluorescence Lifetimes

The time required for the fluorescence profile to decay to 1/e of the original
fluorescence intensity is the fluorescence lifetime. This measurement is complicated if
the decay of the laser pulse (~26 ns in this work) coincides with the decaying
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fluorescence. Therefore, fluorescence lifetimes were calculated by the Guggenheim
method from data collected after the full decay of the laser pulse.16 Data were only used
up to the point where the fluorescence had decayed to 1/e of the maximum to avoid using
noisy data toward the end of the fluorescence profile. Using the Guggenheim method
involves calculating the fluorescence lifetime from a logarithmic plot of the fluorescence
decay profile. The lifetime is the negative inverse of the slope.
An axial profile of fluorescence lifetimes is constructed in Figure 5.14. The data
from 0-4 mm in Figure 5.14 show significant changes in fluorescence lifetimes. The data
collected after 6-mm are more scattered, and these measurements may be less significant
because the fluorescence signal (and the signal-to-noise ratio) is decreasing in intensity,
as illustrated in Figure 5.14.
If matrix-induced suppression and enhancements are related to changes in
collision rates, then it is important to compare lifetime profiles with and without a matrix
element. The axial profile of calcium atom lifetimes was recorded while aspirating a 10
mg/L calcium solution with and without the addition of 250 mg/L sodium, shown in
Figure 5.14. The results from this experiment appear to be less reliable then the data
collected with the pure analyte solution. The lifetime profile representing the solution
with the added matrix element is more scattered and has larger error bars than the profile
where only the analyte was aspirated. It is not clear whether or not the bump in the
matrix solution profile around 1-mm is real. Alternating measurements of both analyte
and contaminated solutions would clear up the ambiguity; only single measurements
were performed here.
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Figure 5.14. Axial profiles of calcium atom fluorescence with (▲), and without (□), the
addition of 250 mg/L sodium. Error bars are standard deviations of the slope that was
used to calculate the individual fluorescence lifetimes.

5.4.

CONCLUSION

The faster decay of calcium ions combined with the population increase of
calcium atoms suggests that ion-electron recombination does occur in the first vacuum
stage, at least at the instrument settings specified. The mechanisms behind the
recombination cannot be determined from this work. However, the fact that this work
has revealed a changing degree of ionization in the vacuum interface is important. It is
also important to note that evidence of state-changing collisions in the first vacuum stage.
Current ICP-MS literature assumes that few (~250) collisions occur behind the sampler.
It is also unclear why the shapes of metastable ion profiles are not changed by the
mechanism affecting ground-state ions and atoms during a decrease in power. The shape
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of the metastable ion profile is affected by the addition of sodium to the analyte solution.
One explanation for this effect is collisional deactivation of the metastable energy level.
This effect might be explained from the lifetime measurements using the calcium/sodium
solution. However, the results are not very precise. It is clear that the degree of
ionization is not constant during ion extraction processes in the first vacuum stage, at
least at the 700 Watt power setting chosen here.
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6.

CONCLUSION

6.1.

SUMMARY

The goal of this work was to better understand matrix effects and factors affecting
analyte transport through the first vacuum stage of an ICPMS. Several sources of matrix
effects and non-idealities in the ion extraction process and have been identified. (1)
Analyte ion transport through the sampling orifice changes as a function of operating
conditions and sample compositions. (2) The sampling cone itself has been shown to
affect spatial distributions of ions flowing into the mass spectrometer interface. The
sampling cone narrows the ion distribution and suppresses the ion signal. (3) The degree
of ionization is not constant as ions travel through the first vacuum stage, at least at the
instrumental settings used here.
Matrix effects occur in the first vacuum stage, the first step of the ion extraction
process. Contrary to assumptions of representative ion sampling, this work shows that
extracting ions through the sampling orifice is not a passive event. As the design of the
ion extraction interface was borrowed from molecular beam technology, some nonidealities were to be expected. While the results from this work do not explain the full
nature of the matrix effect, the identification of non-idealities in the extraction process
will aid future studies in the first vacuum stage.
6.2.

FUTURE WORK

6.2.1. First Vacuum Stage

It has been suggested that the first vacuum stage could suffer from space charge
effects. Langmuir probe potential measurements at the skimmer position (with the
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skimmer removed) were positive, suggesting that the plasma was no longer neutral at this
location.1 Two radial profiles collected in the course of this work may support this idea.
The radial profiles of calcium and barium ions at 10 mm behind the sampling cone are
shown in Figure 6.1. The large mass difference between calcium and barium along with
their respective radial profiles suggests that space charge effects may be occurring in the
first vacuum stage.
An alternate hypothesis is that the radial profiles are simply a reflection of the
spatial distributions of ions in the sampling orifice. While the resolution provided by the
current setup was adequate for spatial profiles of relative ion density in the first vacuum
stage, the resolution is not fine enough to detect changes occurring upstream, for
example, in the sampling cone itself. Distinguishing between the two possibilities will
require a direct comparison of spatial distributions in the sampling orifice and radial
profiles downstream of the sampler.
6.2.2. Second Vacuum Stage

The first vacuum stage work is one part of a larger research effort to understand
the vacuum interface as a whole. The sampling of ions is the first step of the ion
extraction process, and errors in the first vacuum stage could propagate to the areas
downstream. One feature of the first vacuum stage that has not been studied in this work
is the disturbance reported at the mouth of the skimmer. Probing the first vacuum stage
with the skimmer installed was not possible with the experimental setup used. Probing
the skimming disturbance would require a new type of interface. However, this feature
must be investigated if the ion extraction interface as a whole is to be understood.
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Figure 6.1. Comparison of ion density at 10 mm behind the sampling orifice for barium
(dashed) and calcium (solid). Error bars represent standard deviations.
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